I. Introduction
The Nmission and absorption of photons in cosmic sources are governed by many processes. At temperatures of the order 109 to 10 10K, typical of gamma ray burst sources, two of the most important ones are pair production and annihilation (e++e -+ -f+-y) and Compton and inverse Compton scattering (e+y F e'+y'). Arguments based on the observed photon intensities of gamma ray bursts and the likely distances and sizes of their sources, lead to the conclusion that the source regions of at least some of the bursts are optically thick (Cavallo and Rees 1978, Schmidt 1978) .
Photon absorption in rir pair production has been discussed in the literature (Gould and Schreder 1967) , but no calculation has included the effects of the stimulation of the annihilation or the suppression of pair production due to large photon or particle occupat`on numbers. When these stimulation and suppression effects are taken into account, the possibility exists for negative absorption (Varma 1977) . The condition for this is a population inversion, which in the present context is a pair density that exceeds the thermodynamic equilibrium density.
A recent review of gamma ray burst observations has been given by Cline (1981) . Of particular interest for the present paper is the .-xistence of an emission line seen from several gamma ray bursts in the energy range from 0.40 to 0.46 MeV (Mazets et al. 1979 , Teegarden and Cline 1980 , Mazets et al. 1981 ). These lines are probably due to a +-e-annihilation radiation. If so,
e+-e -pairs should be present in large numbers in the burst sources, and the sources should be sufficiently hot to produce the pairs, but the source regions should not be in thermodynamical equilibrium because no lines can then be seen. We aim the calculations of the present paper to astrophysical sites where such conditions might exist.
We provide the basic analytic treatment in Section II, we give numerical results in Section III, we discuss some astrophysical applications in Section IV, and give our conclusions in Section V.
II. Emissivities and Absorption Coefficients in a Relativistic Plasma
We consider systems characterized by temperatures of the order of the electron rest mass energy in which photon-photon collisions can produce much larger pair densities than the ambient electron densities of the astrophysical sites of interest. We therefe -F consider only cases in which the electrons and positrons have equal densities. As convenient analytical expressions, which allow both equilibrium and non-equilibrium situations, we use BoseEinstein distributions for the photons and Fermi-Dirac distributions for the pairs (see Landau and Lifshitz 1958) . The reference frame in which these distributions are isotropic is designated as the plasma frame.
We assume equal temperatures for the positrons and electrons, T+ = T_ = Tt , but allow the photon temperature, T Y , to differ from T t . Since the e+ and e-dens i ties are equal, n + = n_ = nf , these particles must also have equal chemical potentials, u+ = v_ = u t . The photon chemical potential, u Y , is zero for a blackbody distribution. We allow non-blackbody photon distributions, but only zero or negative values may be assigned to u Y . The pair chemical potential can be positive, zero or negative. If u t -0 the pairs are in t'iermodynamic equilibrium with blackbody photons.
In terms of these temperatures and chemical potentials, the photon and pair densities can be written as (e.g. Landau and Lifshitz 1958) n -(4w31i3 )-1 f da p n ,
where p is the photon or particle momentum and n is the occupation number.
These are given by
for the photons, and by nt = (ex p l(E + -ut )/kT t J + W1
for the particles, where E is the photon energy and E t is the particle total energy (kinetic plus rest mass). Equation (1) counts both polarization states for the photons and both spin states for the particles.
The blackbody (u. = 0) photon density is shown by the line Y in We proceed to define the photon emissivity and absorption coefficient for pair production and annihilation. In particular, we are interested in obtaining a correct expression for stimulated annihilation which has not been taken into account in previous treatments of absorption in photon-photon pair production. Stimulated emission has, of course, been taken into account for other processes (e.g. Bekefi 1966 ). But we cannot use the standard expressions for emissitivies and absorption coefficients because pair production and annihilation do not fit the usual pattern in which photons are emitted or absorbed singly and the matter has the same form before and after' events. We therefore proceed as follows:
For two-photon annihilation and pair production, a++e-+ Y1+Y2 the transition rate in vacuum in either direction between the photon states in d3 pl d3 p2 and the pair states in d 3p+d3p_ can be written as w = (4v3113 ) -2 d3 p1 d3 p2 d3 p+ d3 p_ 64 (p l +p2 -p+ -p_)X.
Here pl and p2 are photon momenta, p+ and p_ are momenta of the pair, p l , p2, p+ and p_ are the corresponding 4-momenta, and X is proportional to the squared matrix element of the interaction, summed and averaged over spins and polarization.
To obtain the total annihilation and pair production rates we must multiply equation (4) by an appropriate combination of the occupation numbers. This can be obtained from energy conservation ( E l +E 2 -E++E_) and the equilibrium condition (ut -uY and T t = T Y ) , where E l and E 2 are the energies of the two photons. Equations (2) and (3) then yield
Multiplying both sides of this equation by the transition rate (equation 4) and integrating over all four momenta, we obtain 1 ^n+d3p+ I n-d3p do j4*^j U ill 3 dn 1 (1+n1 )(1+n2)C1ciPann
The left-hand side of equation (6) 
The factor 1/2 in equation (6) To define a photon emissivity and absorption coefficient it is necessary to investigate the balance of reactions involving photons in an increment d3p l . We proceed as in the derivation of equation (6) E1 '
YY/K 4*^c exp(E1/kT)-1 IB8 `
where I BB is the blackbody intensity.
Equations (11) and (12) are valid also for nonequilibrium situations provided proper nonequilibrium occupation numbers are used. In terms of equations (2) and (3), the most general nonequilibrium distributions are obtained if T Y *T* and uY*uf Wi'.,,h such distributions, the total annihilation and pair production rates are not equal and, moreover, K YY can become negative. While for T f = T and µf n vY, KYY is always positive, for nonequilibrium conditions the contribution of stimulated annihilation can exceed that of absorption provided an appropriate population inversion takes place. By substituting equations (2) and (3) into equation (12) we find that
For the system to exhibit grasar action, however, it is necessary that the total absorption coefficient be negative. For the system of photons and pairs that we consider here, the only important process other than pair production and annihilation is Compton scattering. We ignore the weaker processes of bremsstrahiung and double Compton scattering. We note, however, that synchrotron radiation could potentially be very important, but because we are free to choose an arbitrarily low magnetic field intensity, we ignore synchrotron absorption in the present discussion. 
For the inverse scattering, designated by subscript C', the same form applies with the substitutions p2 pl and p' ` p'. Equation (14) is valid for any choice of ut and uY as long as T i z Ty.
To obtain expressions for the emissivity and absorption coefficient, we again choose an increment d 3 pl and integrate over the other three momenta. As for pair production and annihilation, we must interchange the order of integrations on one side in order to introduce a cross section. After the appropriate manipulations we obtain the Compton emissivity and absorption coefficient in the presence of the bath of photons and pairs
:ompton emissivity, equation (16), represents the scatterings of photons the element dE l da i . For the absorption coefficient, equation (17), the t term in the brackets is due to scattering of photons out of dEld0i, e the second term represents the stimulated scatterings of photons 2 into al . KC (E I ) can become negative and a necessary condition for this is T >
In our sutsequent analysis, however, we Oall or7y consider systems with TY = T t fc.r which KC is always positive. In such cases .equations (16) and (17) satisfy a modified Kirchhoff's law
For the numerical evaluations shown below we have used Vie expressions of Jauch and Rohriich (1955) for the flux factors and differential cross sections. We must also express all quantities in terms of independent variables of integration. For pair production from photons of energies E l and E 2 , the flux factor is given by
where 0 12 is the angle between the two photons in the plasma frame. In the center-of-momentum frame (CM frame), the positron (or electron) has Lorentz factor Y given by (Ymc2 ) 2 aIf2E 1 E2 (1-cose 12 ) .
The Lorentz factor YCM for the tranformation between plasma frame and CM frame is
The velocity associj! •_cj ai %' + Y CM i s ACM. In the CM f, ±+me the direction of the positron is given by colatitude 9 from the direction of proton 1 and azimuth f from the plane of ACM and photon 1. The electron direction is diametrically opposite. The differential cross section is
where ro is the classical electron radius (9.818x10 -I:3 cm)and A -(1-Y-2)/2.
The angle el between photon 1 and BCM is given by
the angle e + between the positron and ACM is cose+ x cose I cose+si ne l sine cos4.
Finally the energies of the pair in the plasma frame are given by
and the occu p ation numbers are given by equations (2) and (3). Thus everything needed to evaluate equations (11) and (12) For Compton scattering all quantities can be evaluated directiy in the plasma frame, thanks to expressions given by Jauch and Rohrlich (1955) . For an initial pnoton of energy E 1 and an initial electron or positron of energy
the flux factor is given by
where al is the angle between electron and photon. The direction of the scattered photon (photon 2) is given by colatitude 8 from the direction of photon 1 and azimuth ^ from the plane of photon 1 and the initial electron.
The angle a2 between photon 2 and the initial electron is given by cos a2 = Cos a1 cose + sine sine cost.
The energy E2 of photon 2 is given by
The differential cross section is ado 1 r o E 2 J2Ck1 + k 2 + 2( mc2 mc2 ) +( mc2 _ me
where the invariants k i and k2 are
The energy of the final electron is Ej = E* + E 1 _E 2 (33) and the occupation numbers can be found from equations (2) We have evaluated equations (11), (12), (16) anI (17) for various choices of T t , Ty, ut and my . As already indicated, we limit our discussion here to cases with equal pair and photon temperatures, T t = T = T. WE allow, however, arbitrary values for yt and my.
We consider first the case of thermodynamic equilibrium, ut = uY = 0.
The emissivities and absorption coefficients for this case and T -3x10 9K are shown in Figure 2 , where j t ° j YY + JC and K t = K YY + KC . As can be seen, the absorption coefficients are positive at all photon energies and Kirchhoff's law is satisfied by all processes.
4
We next consider a ease of equilibrium between pair annihilation and pair production by non blackbody photons. Numerical results for ut = m y = -2 MeV and T = 3x10 9K are shown in Figure 3 . Because for these parameters both the particle and photon occupation numbers are very small (<10 -3 ), the results of We turn now to the study of cases with inverted populations.
the inversion condition is v 3 > u ) /2. Since p c0, the inversion threshold is at a value of u t that is higher than or equal to the value at which pair production and annihilation are in equilibrium, u t = m y . The two values are equal for blackbody photons, m y = 0. When an inversion occurs, K yy is negative for E < 2v t -Ny , but since Tt = T y , KC is positive for all Ey.
Grasar action can occur only if K t n K yy + Kc<0. Since KC is proportional t ( nt while the portion of KYY due to stimulated annihilation varies as n t 2 , a sufficiently large density is needed for -K YY to exceed K C . This implies a threshold for ut which is higher than the threshold required for just K YY to be negative.
To investigate this threshold we have evaluated K t = K YY + KC as a function of u* for given temperatures and NY . We have carried out calculations in the temperature range 0 < T c 5x10 9 K, where the lower limit corresponds to fully degenerate electrons and positrons. We find that the threshold for grasar action is close to u t = 1 MeV and does not depend strongly on p and T. As can be seen from Figure 1 , this correspond% to a pair density threshold of a few times 1030cm 3.
We show numerical results in Figure 4 for T -3x109K, the source is optically thick and K t is negative over a sufficiently large spatial region, then the radiation intensity has a sharp peak at a photon energy at which -K t is maximal. The value of this energy, -0.43 MeV from the numerical calculations,is determined primarily from the energy at which -KYY is maximum, shifted somewhat according to the slope of K C at that energy.
From Equation (12) Above the grasar action threshold, the first term, due to stimulated emission, is much larger in magnitude than the second term which is due to absorption.
As discussed above, jYY(EY) is broadly peaked at an energy greater than mc2, reflecting the kinetic energy of the annihilating pairs. The division by E Y 2
(from the factor of density of states) shifts the peak to an energy somewhat less than mc2.
The most extreme case of population inversion arises when T Y = Tt = 0.
The system then includes no thermal photons at all. The particle states are 
and to the pair density by nt = (3A2 113 ) -1 pF 3 .
At TY = 0 there is no absorption term in KYY because there are no photons in the bath. Therefore K YY can only be zero or negative and is proportional to 3YY: 
From the numerical calculations for other values of T and ut
N4T4 bx1U9K, 0.84ut4 1.2 MeV) we find that the peak of A t is invariably in the energy range from about 0.40 to 0.47 MeV. When u t is close to the threshold for grasar action, the peak energy of -K YY decreases with increasing temperature, but the varying slope of K C resulting from the degeneracy tends to cancel this effect. Thus, there is not much variation of the peak energy of A t with either T or u t . For the parameters considered, we have found no case when the peak energy of A t equaled or exceeded 0.5 MeV.
III. Astrophysical Application s
Gamma ray burst sources are likely astrophysical sites where the results of the present paper could be applied. The large photon densities expected (Cavallo and Rees 1978, Schmidt 1978) in these sources should lead to high pair production and Compton opacities. The observation (Mazets et al. 1979 , Teegarden and Cline 1980 , Mazets et al. 1981 ) of an emission line in the energy range 0.4 to 0.46 MeV, believed to be due to a +-e-annihilation radiation, is evidence that a +-e-pairs do indeed play an important role in the physics of gamma ray bursts. But it is not immediately obvious how a relatively narrow emission line is produced in a hot and optically thick source region. Ramaty et al. (1980) and Ramaty, Lingenfelter and Bussard (1981) have studied this problem and discussed an optically thin model for the transient of March 5, 1979 (Barat et al. 1979 , Evans et al. 1980 from which an emission line was observed (Mazets et al., 1979) at -0.43
MeV. In this model, the -0.43 MeV line is formed at an energy > 0.511 MeV in the last optical depth of the source region by the annihilation of a +-e-pairs that have been cooled by synchrotron rad i ation prior to their annihilation.
The shift from above mc 2 to the observed energy is due to the gravitational redshift of a neutron star. The observed upper limit on the width (FWHM < 0.2 MeV, Mazets et al. 1979 Mazets et al. , 1981 implies a temperature less than 3x108K (Ramaty and Meszaeros 1981) . The upper limit on the width also implies an upper limit on the density because of de generacy broadening. Using equation (40) we obtain n t < 7x1028cm-3 for the a+ -e-annihilation region if the line is produced by annihilation in the last optical depth.
The density nt can also be directly calculated ) from the observed line fluence (^ -10 photons cm -2 , Mazets et al. 1979) . Let R/(nt ) 2 = 7.5x10-15 cm3 sec-1 be the annihilation rate coefficient at 3x108K (Ramaty and MBszdros 1981) , A the area of the emitting region, at the time interval in which the observed fluence is produced and d = 55kpc the distance to the source. Then if the line is formed in a layer of unit optical depth to
Compton scattering,
Since R varies as n t2 and KC -1 as nt-1 , * is proportional to nt . With the above numerical values, KC from Figure 3 , and n t < 1x1028cm-3 , Aat should exceed 1.5x10 9cm2 sec. This condition is well satisfied if the annihilation line is produced over the entire surface of a neutron star, A = 10 13cm2 , and during the entire impulsive phase of the March 5 event, at it 0.15sec (Cline et al. 1980) . But the optically thin model would face considerable difficulties if future measurements should indicate that the Moe is narrower than 0.2 MeV, or if Aet should turn out, for other reasons, to be smaller than 1.5x109cm2sec (e.g. if the emitting area covers only a fraction of the polar cap area).
The advantage of producing the annihilation line by grasar action is that a narrow line can form in a hot optically thick region. To illustrate this, we have evaluated the photon intensity perpendicular to a slab of thickness L in which the emissivity and absorption coefficient do not depend on position:
Using the j t 's and K t 's of Figure 
